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Effect of Surface Roughness on Unseparated Shock-Wave/
Turbulent Boundary-Layer Interactions
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The effect of surface roughness and step changes of surface roughness on an unseparated incipient shock-
wave/turbulent boundary-layer interaction has been studied using complementary experimental and theoretical
investigations. It was found that step changes in surface roughness lead to nonequilibrium boundary layers dis-
playing different characteristics in the near-wall and far-wall regions. Both theory and experiment confirmed that
the dominant effect of roughness, even in configurations featuring step changes of surface properties, is a change
of boundary-layer displacement thickness and that the upstream influence of the interaction scales very well with
the roughness modified incoming displacement thickness in all cases. The theory also identified small additional
roughness effects, particularly for configurations featuring a smooth/rough wall transition ahead of the interaction.

Nomenclature

roughness-dependent constant in Eq. (1)
skin-friction coefficient

pressure coefficient at incipient separation
constants defined following Eq. (5)
boundary-layershape factor, §* /6*
roughness height

upstream influence distance

Mach number

power law exponent

temperature

velocity in x direction

skin-friction velocity, (t,, / pw)"/?

U in law of the wall variables, U /U,
Cole’s wake function

streamwise coordinate

vertical coordinate

law of the wall coordinate, y U, /vy
J(M? = 1)
boundary-layerthickness
displacement thickness

integration variable

momentum thickness

law of the wall constant

kinematic viscosity

density

shear stress
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laminar sublayer

rough surface conditions
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S = smooth surface conditions

w = wall conditions

0 = upstream conditions

00 = freestream conditions
Introduction

N many supersonic flows of practical importance, the interac-

tion of a shock wave with a boundary layer plays a critical role.
Shock wave/boundary layer interactions (SWBIs) not only signifi-
cantly influence local features, but they can also strongly affect the
global flow by causing separation or by changing boundary-layer
characteristics for a large distance downstream. Although this phe-
nomenon has been researched widely for many decades, the effect
of surface roughness has been the subject of relatively few studies.
However, the effects of roughness are significant in many practi-
cal applications, especially at large Reynolds numbers where the
length scales within the boundary layer are particularly small. Such
roughness effects would be associated, for example, with the mesh
of porous wall sections for boundary-layer control by suction, or
with overall distributed surface grittiness.

The effect of surface roughness placed underneath a hypersonic
compression corner was investigated by Disimile and Scaggs,! who
found that roughness was capable of significantly enlarging flow
separationin cases where the equivalentsmooth wall flow appeared
to be attached. Similar results are reported by Holden® and Inger®
for a variety of supersonic and hypersonic flow configurations, thus
emphasizing that roughness can significantly alter the characterof a
shock/boundary-layerinteraction. In contrast, a study by Babinsky
and Edwards,* which investigatedthe influence of aregionof rough-
ness upstream of an interaction, found that, although the effects of
roughness on the boundary layer profile persisted far downstream,
the shock/boundary-layerinteractionitself was only marginally af-
fected. It is thought that triple-deck theory can provide insight into
the physical mechanisms of rough wall shock/boundary-layerinter-
actions and lead to an understanding of roughness effects. A first
combined theoretical and experimental investigation into this prob-
lem by Inger and Gendt® has identified some of the significant fac-
tors; however, in its nature, this was only a pilot study and further,
more detailed, measurements are needed. More recently, Babinsky
et al.’ presented an initial experimentaltheoretical study into rough
wall interactions with particular emphasis on cases where the up-
stream boundary layer was subject to step changes in roughness
(rough to smooth and smooth to rough). The work presented here is
a continuation of this study.
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Fig.1 Experimental configuration.

To study the effects of surface roughness on a shock/boundary-
layer interaction, the incipient shock configuration seen in Fig. 1
was chosen. In particular, the length of the interaction on the sur-
face is examined because it is an easily quantified feature that is
thought to be sensitive to changes in the interaction physics. Pre-
vious research on such impinging shock interactions by Déléry’
has shown that, for a given shape factor of the oncoming boundary
layer, surface pressure distributions collapse for a large variety of
shock strengths and Reynolds numbers when scaled with incoming
boundary-layer thickness. He concluded that the most important
parameters governing interaction length are boundary-layer shape
factor and thickness.

The effect of roughness, or blowing and suction, is, there-
fore, understood to change the interaction through its effects on
the boundary-layer profile entering the interaction region. Be-
causeroughnessand blowing increase boundary-layerthicknessand
shape factor, a subsequentincrease in interactionlength is expected.
An investigation by Squire and Smith® has shown this to be essen-
tially correctfor boundarylayers modified by blowing. Furthermore,
these authors could not find any scaling between interaction length
andincomingboundary-layerthicknessand suggestedusing the dis-
tance of the sonic line from the wall downstream of the interaction
as a scaling parameter. Somewhat surprisingly, their study also indi-
cated that the shock strengthrequired for incipientseparation was in-
dependent of the level of blowing. One possible explanation for this
behavioris thatanincreasedboundary-layerthicknessautomatically
leads to an increased smearing of the shock-induced pressure rise,
which in turn makes separationless likely. On the other hand, blow-
ing (or roughness) also changesthe shape and fullness of the incom-
ingboundarylayerthatis working toward an earlier separationonset.

The aim of the current research is to perform a similar study
on the effects of roughness and in particular include the influence
of surface changes between rough and smooth at locations close
to the interaction. Boundary layers in the vicinity of such changes
are believed to be perturbed from equilibrium, and this may supply
some insighttoward the correctscaling quantities.In parallel, triple-
deck theory is used to suggest scaling laws based on a theoretical
derivation. It is also hoped that this study may help to understand
the importance of both thickness and shape changes in an incoming
boundarylayeron the physicsofa shock/boundary-layerinteraction.

Theoretical Analysis

Our theoretical study particularly focuseson small (7 /8 < 1) dis-
tributed subboundary-layer roughness of the classical sand grain
type that falls under the law of the wall/law of the wake framework.
Such roughness when existing upstream of the SBLI zone will alter
both the thickness and the shape of the incoming boundary-layer
profile on which the subsequent interaction depends. Furthermore
the presence of roughness in the SBLI zone itself will affect the
triple-deck structure of the interaction disturbance field, especially
its inner layer; indeed, at higher Reynolds numbers even moderate
roughness may obliterate the inner deck altogether.

Incoming Boundary Layer

Within the law of the wall/law of the wake conceptadopted here,
the incoming velocity profile is described by the well-known ex-
pression (e.g., White’)

U5 =[U0") /U] =B+ 1 /10y + (1 /)W (y/8) (1)

Here, Uf =1,/pw, W is Cole’s wake function, and B contains
the roughness-induced downward shift of the inner logarithmic
region that depends on the nondimensional roughness parameter

h*=U_,h/v, as given in the literature’ For the purposes of the
presentstudy at moderate Mach numbers, it is assumed sufficient to
base properties on wall values instead of using a more complicated
compressibility transformation version of Eq. (1).

In accordancewith this model, the main physical effects of rough-
nessfallinto threeregimes. The firstregime is the so-called hydrauli-
cally smooth regime, h < y g (k" < 7-12), where the roughness is
buried within the laminar (linear) sublayer and so has no sensible
effect on the flow. The second regime is an intermediate, above-
critical regime 7 < h* <70, in which the roughness begins to have
discernible effects on the flow in that it shifts U (y™) downward,
thickens the boundary layer, and introduces a drag increase that
reduces the velocity in the physical U(y) profile. This is shown
schematically in Fig. 2. The last-mentioned feature can be approx-
imately modeled by the well-known power law expression

U/U =~ (y/8)" 2

where N ~ % for smooth surfaces but %éf% for rough ones. The
third regime is the fully rough case 2t > 70 (but & < §), where the
turbulent stirring effect of roughness is so big that it obliterates all
vestiges of the laminar sublayer and imposes its own scale on the
law of the wall region. For this regime, it is known that B takes
the limiting value B & Br(h™) — 1/k bah™ and, hence, produces the
viscosity independentlaw of the wall profile:

Ut = By + (1/k)a(y/ h) + (/)W 3)

where By = 8-9 depends on the roughness geometry and density.
Because of its database, Eq. (3) applies only above the maximum
roughness crests.

Interaction Region

A second element of our theoretical approach is the triple-deck
concept for the disturbance flow structure in the SBLI zone; a
schematic of this is given in Fig. 3 for a smooth wall. This is used
as the foundation for a theory of how roughness affects the inter-
action physics. The present theory addresses the fully rough case,
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Fig.2 Physical effects of roughness on the incoming turbulent bound-
ary layer (h/6 <1): schematic.
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Fig.3 Triple-deck model of shock/boundary-layer interaction.

which by analogy with its aforementionedeffect on the laminar sub-
layer would be expected to also wipe out the inner portion of the
interactive triple-deck structure.

The analysis consists of an extension of a very successful triple-
deck perturbationtheory'® originally developedfor smooth surfaces,
which accounts for nonvanishing eddy viscosity and slip velocity
near the wall when roughness is present in the SBLI zone (Fig. 3).
When purely supersonic external flow and nonseparating incident
shock strengthsare assumed, the resulting Fourier transformmethod
inviscid disturbance flow analysis for the rotational middle deck for
arbitrary incoming boundary-layer profiles (now including possi-
ble upstream roughness) yields the upstream (x < 0) pressure rise
p'~ A, exp(—x/l,), where A, is the incident shock strength and
1, is the characteristic upstream influence distance given by!!

! : l—Mz(n)} ( B )2 1
_u%Mz/ [_ an+ (£ Mdn @)
ﬂao ‘ vi/80 M(?(n) ! M. yi/do o

The lower limit y; is the effective displacement thickness of the
underlying inner deck, which for SBLI zone roughness higher than
the inner deck (often the case in practice) should be replaced by the
average sand-grain roughness height & with a nonzero slip Mach
number M, (y;) = My(h). In what follows, we focus on the upstream
influence property because it is an important experimental feature
of the interactive pressure distribution.

Equation (4) indicates that the upstream influence derives from
two sources: 1) a Reynolds number-independentcontribution from
the profile shape across the middle deck and 2) a Reynolds number-
dependent contribution from the region adjacent to the wall. Nu-
merically, both contributionshave been shown® to be of order unity,
consistent with the experimental observation that [, & §, for turbu-
lent interactions.!*> The general relationship [Eq. (4)] may now be
developedinto a more revealing prediction by breaking the integra-
tion range down into an inner law of the wall range ht < y* <250
(for example) where the wake component of Eq. (1) is negligi-
ble and an outer defect range 250 < y* <U,§,/v, and UJ’ >19
where a power law Mach number profile M, ~ M,(y/8,)" akin to
Eq. (2) is a reasonable approximation. Then when Eq. (1) in the
form y*t = exp(—« B) exp(k UJ’) is used and the speed of sound is
based on wall conditions when evaluating the dominant inner law of
the wall contributions, Eq. (4) can be shown to yield the following
closed-formresult:

! B 4(1+ N) 1-2N Vi
==xC|—+GC |+ 1- M2 |+= (5
P ‘[ 2} 1 —4N? 2 el ©

keVO ST, T,

T a4 T)(Cr/2)% exp [ky/2(T./T.)/C; |

G = [exp (KUJ—)/UJ—z:I

+_
Uy =19

have been derived using the law of the wall/wake relationships’
U.80/vi = explkU,/U, — kB — W(1)]

8/ =WN/1+N)~ (1+nm)U,/«U,
Ur/Ue = (TW/Te)(C//z)

Note that we have rescaled /, in terms of §; instead of §y; the
reason for this will appear shortly. Also note that the dominant
constant C; in Eq. (5) is virtually independent of the boundary-
layer thickness (whether rough or smooth wall) and changes only
slightl}l withroughnesseffecton C, because the separate effects on
the Cj. *and exponential terms in C; are opposite and nearly cancel
out.

In applying Eq. (5), we may now distinguishthree differentcases
of roughness placement. In the case of completely smooth surface
throughout, Eq. (5) yields

( lu e»(BS
B ) =Cis| ——=+C;
%/ U(Tu(yf)

4(1 + Ny) [1 12N M2i|

. (6)
1—4N? 2

The last term in Eq. (5) has been dropped as negligible compared
to the C; term, and the value of y;is the inner-deck thickness given
by the turbulent interaction theory of Inger'® with U ~y* =
U.yi /v, fory} <7,and Uy ~ Bg+2.5 b y;" otherwise.

In the second case, where the upstream region is smooth but a
patch of fully rough, inner deck-destroyingroughness occupies the
SBLI region, we have instead that y; & i with the laminar sublayer
term O(eKB/UJ_’w dropped in Eq. (5) resulting in the prediction that

L, 4(1+ N 1—-2N h
g ~C, sCy+ ( i) - M2 |+
83 / rough SBLI 1 —4Ng 2 8.5

zone only

(M

where the last term here is a minor contribution. The SBLI zone
here is effectively a double-decked rotational inviscid flow with a
slip velocity at the bottom.

Finally in the third case of a fully roughened surface through-
out, where the incoming boundary layer is also influenced by the
roughness, we get

l, 40+ N 1—2N h
<ﬂ7> ~CypCy+ X ’j)[l— RM3}+ " ®
55 ) 1—4N2 2 5 x

When it is kept in mind that /85 < 1, that C; is virtually inde-
pendentof boundary-layerthickness and only weakly dependenton
roughness (see foregoing text), and that N is related to the incoming
boundary layer shape factor H by N ~ (H — 1) /2, comparison of
these three results [Eqs. (6-8)] yields some important predictions
for the upstream region of nonseparating interactions.

First, the dominant effect of roughness is simply its effect on the
incoming boundary-layerdisplacementthickness: When /,, is scaled
with respect to the appropriate §;, the residual effects of roughness
are rather small. This is in fact strikingly confirmed by the present
experiments, as will be shown. The idea of scaling streamwise dis-
tance with displacementthickness was first suggestedby Gadd (e.g.,
see Gadd et al.'®) for smooth wall surfaces. Here, this idea is derived
theoretically,and it is predicted to be also valid for rough surfaces.

Second, the shape of the incoming boundary-layer profile, as
regards the presence of upstream roughness, has only a minor effect
on the upstream influence.

Third, the direct effect of the roughness height itself on [, is
a rather weak one. Note, however, that this does not hold in the
immediate vicinity and downstream of the shock front.
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The foregoingcan be carried furtherinto an estimate of the rough-
ness effect on incipient separation as well. From a Chapman-type
order of magnitude analysis of the turbulent interaction problem, it
can be shown that the interaction pressure coefficient needed to first
produce C; ~ 0 locally in the SBLI zone is of the order

-1 *1—1 *1—1
lu} _ IBL/SET 1Bl ©

C}.is ~ -~
! [ﬂ 8 85/ Cro

where C is the undisturbed skin friction upstream.

Because we have just shown that the numerator of Eq. (9) is vir-
tually independentof roughness, Eq. (9) predicts that the increased
skin friction would correspondingly reduce C,, ;; and, thus, hasten
the onset of separation.

Experimental Setup

Figure 1 shows the experimental arrangement. The high-speed
wind tunnel of the Department of Engineering at Cambridge Uni-
versity is fitted with half-liners to allow a turbulent boundary layer
to grow along the working section floor (width, of 0.11 m) at a flow
Mach number of 2.5. The reservoir total pressure is 370 kPa and
the Reynolds number per unit meter is in the range of 40 x 10°. The
smooth surface boundary-layerthicknessis of the order of 6 mm at
the interactionlocation. A full-span wedge placed at variable angles
onto the ceiling of the wind tunnel generates an oblique shock wave
impinging on the floor boundary layer. The wedge is of sufficient
length to prevent the trailing-edge expansion fan from influencing
the interaction. The wedge angles used were 6 and 7 deg, giving
shock strengthsjust below incipientseparation. Three types of sand-
grain roughness were investigated, P1200, P400, and P150, having
roughnessheightsof AT =4.3,9.9, and 28.2, respectively (based on
smooth wall boundary-layer parameters). For the Mach number of
the presentexperiments(M,, =2.5), the two smallerroughnesseslie
below the sonic line of the smooth wall boundary layer, whereas the
peak dimension of the largest is comparable to the smooth surface
sonic height.

As shown in Fig. 4, roughness elements were placed in a variety
of locations along the surface to examine the effects of roughness,
underneaththe interaction as well as upstream, and sudden changes
of surface properties.Cases are numbered from 0 (no roughness) to 7
(roughness throughout) in order of increasing amount of roughness
upstream of the interaction location.

Surface pressures were measured using pressure tappings along
the centerlineof the floor 3.8 mm apartin a streamwise direction. All
results are presented in a streamwise co-ordinate system, x, which
has its origin at the inviscid shock reflection point. Boundary-layer
pitot profiles were obtained using a flat-head pitot tube attached to a
traverse mechanism. Total pressure was recorded using a pitot tube
in the settling chamber.

Experimental Accuracy

Surface and pitot pressures were measured with fast-response
pressure transducers, and the experimental error of these measure-
ments is of the order of =1% of the local value. The accuracy of
the traverse gear used in the determination of boundary-layer pro-
files was better than 0.1 mm (1% of §). However, when velocity
profiles are evaluated from pitot pressure measurements in com-
pressible flow, a number of assumptions are commonly made and,
particularly near the surface, probe interference effects are likely to
introduce uncertaintiesin the final data. Although it is not generally

inviscid shock

position
front of N end of test]
test section 217 -117 57 0 section
l———case 4 ——| —case 3——— >
< case 5 =|< case 2 >
case 1—»

< case 6 ,|<

< case 7 »

Fig. 4 Distribution of roughness; dimensions in millimeters.

possible to quantify these errors, it is thought that velocity infor-
mation is likely to suffer from uncertainties of the order of £5% in
the outer regions and £10% in the inner regions (y < 1 mm) of the
boundary layers.

Streamwise distanceis measuredrelativeto the inviscidshock im-
pingementlocation; the determination of which (from the schlieren
photographs) in itselfis subject to uncertainties. The error in stream-
wise location is, therefore, of the order of =1 mm.

Data are also presented where streamwise location is scaled by
upstream boundary-layer displacement thickness. These data are
subject to a combination of uncertainties (such as the determina-
tion of displacement thickness from boundary-layer profiles). An
analysis of boundary-layer displacement thickness measurements
suggests that the maximum error is of the order of 0.2 mm on rough
surfaces. For the larger roughnesses (P400 and P150) this is equiva-
lent to 3-6% of 6%, although the error incurred for the small rough-
ness experiments (P1200) can be as much as 9% of §*. Therefore,
the total uncertainty in the determination of scaled distance from
the inviscid shock location can be as much as 20% for the smallest
roughness (P1200) and small distances from the shock (x /§* < 1).
For most data points, however, this error is of the order of 5%.

The oblique shock wave also interacts with the boundary layers
growing along the side walls of the working section. In all cases, this
interaction was not strong enough to cause separation. Surface oil-
flow visualization was performed to examine the floor interaction.
This indicated that the region of two dimensionality extended for
more than 50% of the span of the working section in all cases.

Results and Discussion

Before studying the interaction itself, boundary-layer velocity
profiles were obtained at x = 0 for a flow without an incidentshock
wave, that is, no wedge present. Figure 5 shows the boundary-
layer velocity profiles for the smooth wall and all roughness types,
where roughnessextended throughoutthe working section (case 7 in
Fig. 4). It can be seen that increasing roughness results in thickened
boundary layers and less full profiles. The incompressible shape
factors ranged from H; = 1.30 (smooth wall) to H; = 1.50 (P150).

Figure 6 shows a comparison of schlieren pictures obtained for
an interaction on a smooth surface and on the wall fitted with the
largestroughness. It can be seen that the rough wall boundary layer
is significantly thicker and that the rough wall interaction occupies
a much larger streamwise distance. However, apart from the length
scale, there appears to be no fundamental differencein the nature of
the interactionitself. The effect of surface roughnesson the pressure
distribution through the interactionis shown in Figs. 7 and 8. It can
be seen that for both shock strengths surface roughness leads to
a significant increase in upstream influence and interaction length.
The largestroughness (P150) has the most severe effect, buteven for
the small roughness(P1200), the influence canbe seenclearly. There
is a small kink in the surface pressure distributionsfor P1200 at both
shock strengths, which might suggesta small separation. However,
this feature is independentof the shock strength and does not appear
in the cases with larger roughness (which would be expected to
be more likely to separate) and, therefore, it is thought that this

12
10 +
8 L
E ol
= |
4 - P1200
I (ﬁ;‘fg) (H=1.3)
27 Smooth wall
— (H=1.3)
0 1 1 L 1 L 1

0 01 02 03 04 05 06 07 08 09 1 11
U/,

Fig. 5 Boundary-layer profiles upstream of interaction for various
roughnesses.
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Smooth surface

Rough surface throughout (P150)
Fig. 6 Schlieren photographs of interaction.
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Fig.7 Surface pressure distribution for 6-deg wedge angle.
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Fig.8 Surface pressure distribution for 7-deg wedge angle.

kink is due to a flow nonuniformity at this location (caused by a
wave reflected from the wind-tunnel ceiling originating from an
insufficiently smoothed wall joint). Schlieren pictures and surface
oil-flow visualizations did not suggest any significant separations.
As discussed earlier, previous research’ suggests that upstream
influencescales with boundary-layerthickness and shapefactor. Be-
cause the experimental determination of boundary-layer thickness
is difficult and prone to errors, it would be more useful to use the
displacementthicknessas the scaling parameter. In fact, because the
ratio of boundary layer to displacement thickness is also a function
of shape factor, the influence of H; on upstream influence is almost
completely contained in the change of §* alone. Furthermore, the
theoretical investigation also suggests that displacement thickness
may serveas a suitable scaling factor. This is demonstratedclearlyin

24 | —0-6°P150 entire surface
—u—7° P150 entire surface
—o—6° P400 entire surface
2.0 [ ——7°P400 entire surface
——6° P1200 entire surface

18 4 7°P1200 entire surface
& 16| —o6°smoothwall (Case 0)
) —e—7° smooth wall (Case 0)
14
1.2
1.0 |
0.8
0_6 L I L L L i
-40 -30 -20 -10 0 10 20
x/&*

Fig. 9 Surface pressure distributions for both wedge angles (stream-
wise distance scaled with §*).

Fig. 9, which shows all previous surface pressure distributions after
scaling the streamwise coordinate with displacement thickness. It
can be seen that, within experimental accuracy, all curves collapse
in the upstream part of the interactionregardless of wedge angle or
roughness height.

This is somewhat surprising because previous research has of-
ten indicated a very strong change of interaction length with in-
coming boundary-layer shape factor. Although the range of shape
factors here is somewhat limited, significant differences in inter-
action physics would still be expected. However, the interaction
studied here is not thought to feature any separation, whereas those
authors"? who observed a strong influence of H; studied mainly
separated interactions. Therefore, it appears that shape factor is not
a significant factor in attached interactions, whereas it has a large
influence once separationoccurs. This might also explain why some
authors*® have noted that differences in oncoming boundary-layer
profile shape had relatively little influence on incipient separation.

However, a very close examination of Fig. 9 reveals that data
recorded on a rough surface for the stronger shock setup (7-deg
wedge angle) exhibit a slightly increased upstream influence. Be-
cause the data shownin Fig. 9 are subject to experimentaluncertain-
ties, first in the determination of the unscaled pressure distribution
but more important in the accuracy of the evaluation of displace-
ment thickness, this degree of variation in the perceived upstream
influence is within experimental error. However, because it is only
7-deg wedge angle data that consistently show a slightly increased
upstream influence, it might suggest that there is a degree of sep-
aration. This might indeed suggest that roughness does promote a
somewhat earlier onset of separation. (The smooth wall data for
7 deg do not show increased upstream influence.)

Rough and Smooth Surface Mixed Cases

Figures 10-12 show the boundary-layer profiles obtained at the
interaction location (but without the incident shock present) for all
rough/smooth wall cases presented in Fig. 4. It can be seen that the
presenceof roughnesscan changethe velocity profiles considerably,
that the largest roughness height (P150) has the most significant ef-
fect, and that the smallest roughness (P1200) hardly changes the
profiles. Nevertheless, all three roughness heights exhibit a similar
pattern, with the mixed cases (cases 1-6) generating velocity pro-
files that lie in between the smooth wall (case 0) and the roughness-
throughout(case 7) configurations. Furthermore, it can be seen that
wherever a mostly smooth surface is followed by a short stretch of
roughness (cases 1-3) the near-wall portion of the boundary layer
is affected and that the velocity distributionin this portionis similar
to that seen in the roughness-throughait configuration, whereas the
outer portions of the velocity profiles remain similar to the undis-
turbed smooth wall profile.

On the other hand, in cases where a rough surface is followed
by a short stretch of smooth wall (cases 4-6), the opposite effect
can be observed. The near-wall boundary layer resembles a smooth
wall profile, whereas the outer part of the boundary layer is similar
to the fully rough velocity profile. In all cases, it is the extent of the
rough/smooth surface immediately upstream of the measurement
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Fig. 10 Upstream boundary-layer profiles for various rough/smooth
combinations: smallest roughness height (P1200).
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Fig. 11 Upstream boundary-layer profiles for various rough/smooth
combinations: medium roughness height (P400).

0.3

Fig. 12 Upstream boundary-layer profiles for various rough/smooth
combinations: large roughness height (P150).

location that determines how far into the boundary layer the effect
of the surface property has extended.

Whereas the magnitude of the changes caused to the velocity
profiles depend on the roughness height (the P150 roughness has a
much more significant effect than the P1200 surface), the principal
features of the mixed-case boundary-layerprofiles are very similar
for all three roughness heights. Depending on the combination of
rough/smooth surface, itis, therefore,possibleto study a rough wall
interaction with an incoming boundary-layer profile that reflects
mainly smooth wall behaviourand vice versa. Because of limitation
in space and the earlier noted possibility of separation in some of
the stronger shock experiments, only the 6-deg wedge angle data
are presented here.

Figure 13 shows the surface pressure distribution for the largest
roughnessheight(P150) and all combinationsof smooth/rough wall.
Note that the interactionlengthis strongly effected by the changesin
surface propertiesand that all mixed cases (cases 1-6) lie in between

- —o—entire surface (Case 7)
24+ —o—Caseb

X
r —a—Case5 s
22 _x Cased g
20 L x---Case 3
--a--Case 2

18 + --+o-Casel
5 r —o—smooth wall (Case 0)
£ 16 [ —inviscid solution

1Y S S S S S S S

x [em]

Fig. 13 Surface pressure distributions for large roughness (P150);
6-deg wedge angle.
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Fig.14 Surface pressure distribution (scaled with §*), large roughness
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Fig.15 Surface pressure distribution (scaled with §*), medium rough-
ness (P400); 6-deg wedge angle.

the smooth (case 0) and completely rough (case 7) distributions. A
similar behavior was observed for all other roughness heights. A
number of high- and low-pressure regions upstream of the interac-
tion can be seen in some of the traces of Fig. 13. These are due to
waves generated by the sudden change in surface properties.

Figures 14-16 show the surface pressure distributions for the
all combinations of smooth/rough surface and all three roughness
heights, where the streamwise distance has been scaled with incom-
ing boundary-layer displacement thickness. As for the data pre-
sented in Fig. 9, it can be seen that the upstream influence scaled
with §* is very similar for all cases.

However, it can also be seen that some particular combinations
of rough/smooth surface (cases 1-3) consistently exhibit an in-
creased upstream influence regardless of roughness height (except
for P1200, where only the case 3 data show this behavior). The data
recorded for the smallest roughness height are likely to be subject
to the largest inaccuracies, and it is, therefore, thought to be unwise
to read too much into the results presented in Fig. 16. Therefore,
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Fig.16 Surface pressure distribution (scaled with §*), small roughness
(P1200); 6-deg wedge angle.

it appears as if all configurations where a relatively short stretch of
rough surface is located more or less in the interaction region itself
feature slightly increased upstream influence, whereas configura-
tions where the surface underneath the interaction is smooth (but
there has been roughness farther upstream) show the same interac-
tion behavior (when scaled with §*) as completely smooth/rough
surfaces. This suggests, in accordance with the conclusions drawn
from theory, that there is a residual effect of roughness beyond the
changesto boundary-layerthicknessand shape. However, this effect
is small, and in none of the cases shown here (or for the stronger
7-deg wedge angle) has this been sufficient to cause any obvious
signs of separation.

Conclusions

A nominally unseparated incipient shock-waveturbulent
boundary-layer interaction has been investigated on a variety of
surfaces with step changes in surface roughness upstream of the
interaction. Three roughness heights, ranging from hydraulically
smooth to intermediate, were investigated.

In parallel,a theoreticalinvestigationbased on law of the wall/law
of the wake and triple-deck theory ideas was conducted to study
the effect of surface properties on an unseparated shock/turbulent
boundary-layerinteraction .

Where roughness was present throughout the working section,
it was found that, even for roughness heights in the hydraulically
smooth regime, incoming boundary layers were thicker and slightly
less full than smooth wall profiles. Where step changes of surface
roughnesswere present,boundary-layerprofiles exhibiteddistinctly
differentcharacteristicsin the near-wall and far-wall regions. It was
found that a change in the surface properties first affected the near-
wall boundary layer, while leaving the outer portion more or less
undisturbed, and that it took considerable downstream distance be-
fore all of a boundary-layer profile was affected. This allowed the
investigation of shock/boundary-layer interactions with mixed in-
coming velocity profiles, that is, with smooth wall characteristics
in the near-wall region and rough wall characteristics in the outer
region (after a transition from rough to smooth surface) and vice
versa.

The theoretical investigation suggested that the main effect of
surface roughness on a shock/turbulent boundary-layerinteraction
is captured by the change in incoming boundary-layerdisplacement
thickness and that upstream interaction length should, therefore,
scale with displacement thickness. Theory also identified a resid-
ual roughness effect but predicted this to be small. Experiments
confirmed this prediction, and it was found that in all cases, includ-
ing mixed surface properties, upstream distance of the interaction

scaled well with incoming boundary-layer displacement thickness
(to within 30%). If cases with a smooth to rough step change in sur-
face properties are excluded, then all pressure distributions scaled
with §* to within experimental accuracy.

It is suggested that mixed cases are subject to nonequilibriumef-
fects in the boundary layer. Although the theoretical considerations
appear to work well even in these cases, it is clear that, particularly
for smooth to rough transitions, more thoroughanalysis is needed to
capture these effects. A useful strategy would combine a triple-deck
analysis in the SWBL interaction zone with a preceding two-layer-
type theory of post roughness-jumprelaxation.

Theoretical considerationsalso suggested an influence of surface
roughness on incipient separation. Within the experimental investi-
gation presented here, no consistentevidenceof this has been found.
This may be due to the limited height of roughness available.

In this program, experimental and theoretical research was car-
ried out simultaneously,and each element of the study was used to
influence and aid the other. It is thought that such a strategy is a very
powerful tool for the investigation of complex interaction physics.
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